Wing development in Drosophila is a common model system for the dissection of genetic networks and their roles during development. In particular, the RTK and TGF-b regulatory networks appear to be involved with numerous aspects of wing development, including patterning, cell determination, growth, proliferation, and survival in the developing imaginal wing disc. However, little is known as to how subtle changes in the function of these genes may contribute to quantitative variation for wing shape, per se. In this study 50 insertional mutations, representing 43 loci in the RTK, Hedgehog, TGF-b pathways, and their genetically interacting factors were used to study the role of these networks on wing shape. To concurrently examine how genetic background modulates the effects of the mutation, each insertion was introgressed into two wild-type genetic backgrounds. Using geometric morphometric methods, it is shown that the majority of these mutations have profound effects on shape but not size of the wing when measured as heterozygotes. To examine the relationships between how each mutation affects wing shape hierarchical clustering was used. Unlike previous observations of environmental canalization, these mutations did not generally increase within-line variation relative to their wild-type counterparts. These results provide an entry point into the genetics of wing shape and are discussed within the framework of the dissection of complex phenotypes.
I
N quantitative and evolutionary genetics, the focus has primarily been on using QTL and linkage disequilibrium mapping to hunt for genes, but large-scale screens using mutagenesis have also been employed for traits such as bristle number and olfaction (Mackay et al. 1992; Anholt et al. 1996; Norga et al. 2003) . These studies not only enrich the list of possible candidate genes harboring natural genetic variation, but also provide estimates for the mutational target size of these traits. Nonetheless it remains unclear if genes characterized in functional studies are good candidates for studies of natural variation. One facet that needs to be investigated is whether minor variation in gene function is sufficient to affect the expression of quantitative traits. In general, developmental processes such as patterning and determination have generally been addressed with classical Mendelian and molecular genetic approaches. However, a number of studies have demonstrated the utility of quantitative genetic methodologies for examining natural genetic variation for these developmental mechanisms (Gibson and Hogness 1996; Gibson and van Helden 1997; Polaczyk et al. 1998; Palsson and Gibson 2000; Atallah et al. 2004 ).
We recently utilized association mapping to localize naturally occurring polymorphisms involved with variation for photoreceptor determination in Drosophila (Dworkin et al. 2003) . Although evidence is still limited, these studies are consistent with genes of major effect harboring alleles that contribute to quantitative trait variation.
With respect to the genetic dissection of development, the wing of Drosophila melanogaster is one of the best established model systems (Held 2002) . During embryonic development, a set of $24 cells invaginate from the epithilium to form the wing disc rudiment (Cohen et al. 1991) . During early larval development, broad patterning of the wing axes is established. In particular, the posterior region of the wing imaginal disc is patterned by the protein Engrailed (En) (GarciaBellido and Santamaria 1972; Lawrence and Morata 1976; Brower 1986) . En activates the shortrange paracrine signaling ligand hedgehog ($2-4 cell widths) at the boundary between the anterior and posterior territories (Hidalgo 1994; Tabata and Kornberg 1994; Sanicola et al. 1995) . Hedgehog upregulates decapentaplegic, the canonical ligand of the TGF-b signaling pathway (Zecca et al. 1995) . While dpp RNA is present only in an $5-cell-wide region just anterior to the anteriorposterior (A-P) boundary, the Dpp secreted protein elicits long-range effects throughout the future wing blade 1 (at least 35 cell diameters from its source), regulating a number of downstream target genes that specify domains along the A-P axis (Podos and Ferguson 1999; Held 2002) . These future wing territories are further subdivided into vein and intervein fates by the regulation of epidermal growth factor receptor signaling. During early pupal development, the TGF-b pathway is reutilized in the maintenance of vein-intervein fates (Held 2002; De Celis 2003; Crozatier et al. 2004) . The above description is a gross simplification of the process and of the role of these genes. For instance, members of both the TGF-b and receptor tyrosine kinase (RTK) signaling pathways have been implicated in other developmental processes in the wing such as cell growth and survival (Martin et al. 2004 ). In addition, there is evidence for ''cross-talk'' between pathways with respect to vein-intervein determination (Crozatier et al. 2002; Yan et al. 2004; Sotillos and De Celis 2005) , and they appear to interact as networks, rather than linear pathways.
While there is a wealth of information with respect to the role of these genes during the development of the wing, little is known about the genetic modification of wing shape. That is, it is unclear how the wing takes on its final adult dimensions. Geometric morphometric methods, a recent development in the analysis of shape (Bookstein 1991; Zelditch et al. 2004) , allow for sensitive discrimination between groups or treatments (Klingenberg 2002; Houle et al. 2003) . These methods have primarily been used to characterize naturally occurring variation, with little attempt to understand the developmental basis for shape differences. With respect to wing shape in D. melanogaster, a number of studies have demonstrated moderate to high heritability for the phenotype (Weber 1990; Birdsall et al. 2000; Zimmerman et al. 2000; Palsson and Gibson 2004; , and there is little evidence for constraints on the evolution of shape . Consistent with a large mutational target size for wing shape, $20% of novel P-element insertion lines demonstrated replicable phenotypic effects on shape (Weber et al. 2005) . In addition, it is clear that there is considerable segregating genetic variation in natural populations for wing shape (Weber 1990; Weber et al. 1999; Birdsall et al. 2000; Zimmerman et al. 2000; .
Concerning the contribution of individual genes on wing shape, deficiency complementation mapping has been used to investigate the role of candidate gene function on shape . In addition, a series of studies have demonstrated how a putative regulatory polymorphism in the Egfr gene is associated with natural variation for wing shape (Palsson and Gibson 2004; Dworkin et al. 2005; Palsson et al. 2005) . Unfortunately, none of this work was performed in controlled genetic backgrounds to investigate the individual effects of mutations in these genes. One exception is the study by Weber et al. (2005) , which demonstrated that 11 of 50 random P-element insertion lines had a significant effect in an isogenic background on the basis of at least one of four univariate measures of wing allometry. Plasmid rescue of these insertions suggests that putative genes were involved in a variety of developmental and physiological processes. Notably, the method used to examine shape for this study likely underestimated phenotypic variation in the wing.
In this study we investigate the potential role of genes in the EGF, TGF-b, and Hedgehog signaling pathways with respect to wing shape in Drosophila. Fifty P-element insertional mutations in genes from these pathways were introgressed into each of two standard lab wild-type strains. Wing shape was then measured on heterozygotes for each mutation and compared to their respective wild-type congenics. With this experimental framework, we addressed several questions: (1) Given that genes in the TGF-b and EGF/RTK signaling pathways are involved with various aspects of wing development, what role might they and their interacting factors play in wing shape? (2) What are the effects of the mutations when measured in a heterozygous state? (3) How important is genetic background when estimating the effects of the mutations on shape? (4) Do the effects of the mutations on shape make sense on the basis of their known developmental roles? (5) Do mutations within genes from the same pathway tend to have ''related'' effects on shape when compared with mutations in genes from different pathways?
We demonstrate that the mutations in most of the genes under study show a significant effect on shape relative to their wild-type counterparts when measured in a heterozygous state. However, it is clear that genetic background plays an important role in describing shape both as marginal and as epistatic effects. Furthermore we demonstrate that while some of the mutations clearly affect shape in a similar manner with respect to their known function, the effects of the mutations on shape do not cluster on the basis of pathways, consistent with extensive cross-talk. These results are discussed within the framework of the role of TGF-b and RTK signaling on wing shape and their potential as candidate genes that harbor segregating variation for shape.
MATERIALS AND METHODS
Stocks: Insertional mutations were selected from the Bloomington Stock Center (Table 1) . Many of the insertions were considered ''within'' genes if they were within 5 kb of the ORF of that gene or showed a failure to complement with other known mutations in those genes (Table 1) . Regardless of the original source of the insertion, each transposon used was marked with a mini-white (P{w 1 }), as this facilitated the backcross procedure.
All insertions were introgressed into two wild-type lab strains, Samarkand (Sam) and Oregon-R (Ore), both marked with white (w), resulting in white-eyed flies. Introgressions were 
A list of the mutations used in this experiment and the pathways in which they are involved is shown. Homozygous/hemizygous effects of the alleles on wing phenotypes: L, lethal as adult; ND, no wing defects; sd, scalloped wing; D, delta-like phenotypes; EV, ectopic vein material; PCVL, posterior crossveinless; DVL, distal veinless, M, margin defects; WMD, wing morphogenesis defects; LOP, loss of central wing pouch. * failure to complement additional alleles of this gene; C, allele complementation.
a While the sequence listed suggests that this is an allele of rho-2, the homozygous phenotype and complementation tests suggest that it is in fact allelic to rhomboid, which is adjacent to rho-2 (personal observation).
performed by repeated backcrossing of females bearing the insertion to males of Sam and Ore-R. Replicate backcrosses were performed for each of 14 generations, and females from both replicate vials were pooled for the following generation of backcrossing. Selection was based entirely on the presence of the eye color marker, precluding unwitting selection for wing phenotypes. Due to the low viability of the wild-type Oregon-R line, seven of the mutant alleles could not be maintained in the Oregon-R background. While the introgression procedure should make the genome of the mutant largely identical to that of the isogenic wild types, there is the possibility of segregating alleles from the genetic background of the mutant allele, particularly sites closely linked to the mutation being introgressed. Therefore all experimental comparisons of mutant individuals were made with wild-type siblings from a given cross and thus should share any remaining segregating alleles unlinked to the P element. All crosses were performed using standard media, in a 25°i ncubator on a 12/12-hr light/dark cycle.
Experimental setup: In generations 9 and 14 of the backcrossing, two vials for each line were set up as described in the previous section. Care was taken that each vial had five females and three males, and the parents were removed after several days of egg laying, resulting in low to moderate larval density. The temperature of the incubator was monitored carefully for fluctuations, and vial position was randomized within the incubator on a daily basis to reduce any possible edge effects. As larvae crawled out of the media, a piece of paper towel was added to each vial to provide additional pupation space. After eclosion and sclerotization, flies were separated into wild-type individuals without the P-element-induced mutations (w; 1/1) from those heterozygous for the P element (w; P{w 1 }/1) on the basis of eye color and stored in 70% ethanol.
A single wing from each fly was dissected and mounted in glycerol (10 wings per sex/genotype/background/replicate). Images of the wings were captured using a SPOT camera mounted on a Nikon Eclipse microscope. Landmarks ( Figure  1) were digitized using the TPS DIG (v. 1.39, Rohlf and Bookstein 2003) software. In 1 addition to analyzing the data set with all nine landmarks, the B, C, and D regions ( Figure 1 ) were separately aligned and analyzed. These regions were examined on the basis of developmental arguments that suggest that some genes may function independently in these regions to define shape (Birdsall et al. 2000; Palsson and Gibson 2004) .
Analysis: Procrustes superimposition of landmarks: In a mathematical framework, shape is defined as the residual variation in landmark displacement once position, isometric scale, and rotation are accounted for (Bookstein 1991; Zelditch et al. 2004) . In the framework of geometric morphometrics, a procedure is used where all individual configurations of landmarks are scaled to a common centroid size, the square root of the sum of the squared distances of each landmark from the centroid (center of mass) of the configuration. The remaining variation will be uncorrelated with isometric scaling on size, and allometric effects of size on shape can be accounted for by including size as a covariate in the statistical analysis. The effects of rotation are minimized by utilizing an iterative, generalized least-squares approach commonly described as procrustes superimposition (GPA). For an introduction to these methods please refer to Zelditch et al. (2004) .
Correcting for multiple testing: To explicitly examine the unique effects of each mutation on wing size and shape, individual tests on each mutation in the context of mutant genotype, sex, and genetic background (Sam vs. Ore-R) were employed. Given that this results in multiple testing problems, a Bonferroni correction procedure was used to adjust the nominal critical threshold for statistical significance.
Wing size: To examine the effects of the independent variables on wing size, centroid size of the nine-landmark configuration ( Figure 1B ) was used in the following model for each replicate and line,
where G 2 is genotype, S is sex, and B is background, all fixed effects. The analysis was performed in PROC GLM (SAS 8.2). To account for the large replicate effects observed (Table 2) , probabilities from each replicate measure were combined using 3 Fisher's method À2 P ln P i , combined over both replicates and evaluated assuming a x [2k] 2 -distribution (Sokal and Rohlf 1995) , where k ¼ number of tests (one for each replicate).
Wing shape: To make statistical inferences about the effects of treatments (sex, genotype, and background) on shape, a fully multivariate approach was used. For each mutation, the following model was employed,
where y is the vector of partial warp and uniform components, g is the genotype (mutant vs. wild type), b is the wild-type background (Sam vs. Ore-R), s is sex, e is residual error, and c is centroid size, used as a covariate in the model to control for allometric effects. The analysis was performed using the MANOVA function in PROC GLM (SAS 8.2), with similar results observed using a multivariate regression using the TPS RegR v. 1.3 (Rohlf 2004) . Given 4 the 50 independent mutations that were used, Bonferroni correction for multiple tests indicates that P ¼ 0.001 is the nominal critical value for a ¼ 0.05. Log transformation of centroid size had negligible effects on the results when included as a covariate (not shown). In addition, a test for homogeneity of slopes was performed, and the null hypothesis of a common slope for each genotypic comparison (mutant vs. wild type) could not be rejected.
Given that it is generally unclear if shape variables conform to the parametric assumptions for a MANOVA, 1000 permutations of the data (for each line) were performed to empirically assess the critical values for the MANOVA across the entire wing blade. The results of the permutations were similar to those observed from the parametric tests that were obtained (not shown). Permutations were performed in SAS using a modified macro (Cassell 2002) .
Estimated effect of genotype on shape: To estimate the mean treatment effects (genotype, sex, and background) on shape, the procrustes distance (PD) was calculated between groups. Procrustes distance between group means was calculated as
, where x represents the difference vector calculated from the treatment means of the procrustes residuals for each landmark. Results with Mahalanobis distance on the partial warps and uniform components were highly concordant (Spearman's r ¼ 0.9) with those of procrustes distance (not shown).
Computation of the amount of shape variation explained by treatment effects was performed in tpsRegr model (Rohlf 2004 , tpsRegr v. 1.30) using 5 procrustes distance, allowing a general measure of goodness of fit for the model (Goodall 1991) .
Visualization of treatment effects on shape: Klingenberg and Monteiro (2005) argue that premultiplying H, the discrimination matrix by E À , the pooled within-groups covariance matrix, should not be directly used to visualize estimated effects on shape, as generally used in discriminant or canonical variates analysis. Therefore the shape variables (partial warps and uniform components) were regressed onto treatment (genotype, sex, and background) effects, allowing visualizations of mean shape differences (Rohlf et al. 1996) . The results were similar to a regression of shape onto the canonical variates (not shown). The regressions were performed in tpsRegr v. 1.30 (Rohlf 2004 ) and 6 visualized using vector plots. The vectors describing shape differences were then imported into Adobe illustrator (V9.0 Adobe) where the wing was ''drawn'' to illustrate the wing shape. A caveat to this method is that procrustes superimposition of the landmarks can transfer variance across all landmarks, thus reducing the observed effect of genotype on shape if the difference is due to just a few coordinates. However, given that the effects of genotype, background, sex, and digitizing error are all included in the alignment, the variance transfer appeared to be minimal for any given effect.
Multivariate measures of environmental (residual) variation: To determine whether the introgression of the mutations had a significant effect on the amount of phenotypic variation for wing shape, two related multivariate measures were used. The total variance, the sum of the variances for all 18 landmark coordinates, is computed as the trace of the covariance matrix (Tr(V)) or the sum of its corresponding eigenvalues, P l i (where l i ¼ the ith eigenvalue). To further partition these effects, the coordinates corresponding to the proximal-distal and anterior-posterior axes were examined separately. In addition, the generalized variances for the landmark data were also investigated. The generalized variance is calculated as the determinant of the covariance matrix and includes information about the variances and covariances between landmarks (Rencher 1998) . As the covariance between linear combinations of landmarks increases, the generalized variance should decrease relative to the total variance. Given that the procrustes superimposition results in a covariance matrix of less than full rank, the entire set of 18 coordinates could not be examined. However, since the determinant of the covariance matrix is equal to Q l i , a subset 7 of the first six eigenvalues was used, which explained between 85 and 90% of the variation from each covariance matrix. Similar results were obtained when all nonzero eigenvalues were included (not shown). This value was log 8 transformed ( P log l i ). Cluster analysis: To examine the relationships between the effects of mutations within genes on shape, aggregate hierarchical clustering was employed on the procrustes residuals for each landmark. Confidence in the clustering was assessed with the multiscale bootstrap resampling clustering algorithm (Shimodaira 2004) found in the pvclust package in R v. 2.1 (Ihaka and Gentleman 1996) . A number of different distance metrics (Euclidean, Manhattan, and uncentered correlation) and agglomeration rules (Ward's, single, complete, UPGMA, and median) were used to scrutinize the robustness of the dendogram.
RESULTS
The effects of genetic background, sex, and mutant genotype on wing size: Mutational effects on wing size were very limited as shown in the following analysis. Previous work demonstrates that many mutations can have a profound effect on overall body size (Chen et al. 1996; Potter et al. 2001) , as well as on the size of particular structures (Halder et al. 1998; Dworkin 2005b) . However, it is also clear that environmental conditions such as density and nutritional status during development can greatly affect body size. This appears to be the case in this study, since the full analysis demonstrates strong replicate effects on measures of centroid size (Table 2 ). In addition, visual examination of line means indicates that samples heterozygous for the mutant alleles are correlated with wild-type congenics from the same vial (r ¼ 0.43, P , 0.002). One possible explanation for this correlation is that residual segregating variation in wild-type individuals exists as a result of the crosses to the heterogeneous backgrounds of the original mutant stocks. However, this source of variation is unlikely to be a significant factor, as ''residual'' line effects among wild types procured from crosses to each mutant did not contribute a significant amount of variation relative to the replicate effects (not shown). A more likely explanation that is consistent with residual effects of vial on size is the random variation in growth media quality or density effects.
To account for both the strong replicate effect and the possible genotype-environment correlation each replicate was analyzed separately, and wild-type and mutant individuals 9 were compared from within a cross only. Using Fisher's method for combining probabilities (Sokal and Rohlf 1995, pp. 796-797) , maintaining a ¼ 0.05, corrected for 50 independent contrasts (P , 0.001), only five heterozygous mutants demonstrated a significant effect on wing centroid size for this critical value: omb, Gap1, bs, sbb, and Src42A (sequential Bonferroni did not change this result). Of these, both omb and bs demonstrated venation defects of moderate penetrance in the heterozygous state, making assessment of centroid size for the whole wing difficult. Individuals mutant for Src42A and sbb consistently demonstrated a decrease in centroid size, while mutations in Gap1 showed an increase. In general, it appears that when measured as heterozygotes, the mutations have only weak effects on wing size.
Mutations in the TGF-b and EGF signaling pathways have profound effects on wing shape: While the role of Dpp and EGF signaling has been well elucidated with respect to pattern formation and vein-intervein determination, little is known about how these genes affect shape. Of the sample of 50 mutations (representing 43 genes) measured in a heterozygous state, 44 of the mutations demonstrated either a direct effect of the mutant genotype (41/50) or an interaction between mutant genotype and genetic background (19/50) on the shape of the wing (Figure 2A ). Examining the mutations separately by background and adjusting for an increase in number of contrasts (P ¼ 0.0005 for a ¼ 0.05) still lead to 43/50 mutations showing significant effects in at least one background, and 29/43 show significant effects in both backgrounds independently (supplemental Figure 1a at http://www.genetics.org/ supplemental/). Of the seven genes represented in this sample by two independent insertions, both alleles showed significant effects on shape, except in the case of rho-6, where neither allele had a significant effect on shape (Figure 2) .
To examine the possibility of an allometric relationship between shape and size, the effects of genotype, sex, and genetic background were examined with and without centroid size as a covariate. Variation for shape covaried with wing size (not shown), but in general, excluding size as a covariate from the model did not alter the results with respect to the effect of the mutation on shape (Figure 3 ). This suggests that the genotypic to a ¼ 0.05 at ÀLog(P) ¼ 3.0, represented by the horizontal line, while a nominal P ¼ 0.05 is at ÀLog(P) ¼ 1.3. * represents the alternative allele for that gene. Procrustes distances for both background and sex effects (shaded circles) are included at the end of each graph for comparative purposes.
effects on shape are independent of allometry with size. In contrast, the effects of sex on shape are in part a consequence of allometric covariation with size, and the sexual shape dimorphism is dependent on (sexadjusted residual) size differences ( Table 3 ). The effect of genetic background on shape also has a strong allometric component; however, a test for homogeneity of slopes rejected the null hypothesis for a common slope, suggesting different allometric relationships (interaction term between centroid size and background). These results are consistent with the hypothesis that there is a genotypic specific shape for the wing, independent of size (Birdsall et al. 2000) .
Region-specific effects of mutations on wing shape: To further assess the effects of the mutations on wing shape, variation in the displacement of the landmarks in the wing for the B, C, and D regions was separately aligned and analyzed. These regions are subdivided on the basis of the known properties of the developmental regulation in the wing (Birdsall et al. 2000; Palsson and Gibson 2000) . In particular we can ask whether the effects of the mutations on shape are concordant with the known developmental roles of the genes. Interestingly, a number of mutations demonstrate regionspecific effects (Figure 2 , B-D). For instance, both alleles of downstream receptor of kinase (drk) and the allele for crossveinless-2 (cv-2) show no effect in the anterior (B) region, but a significant effect in the posterior (D) region of the wing ( Figure 2B vs. 2D). Cv-2 is most strongly expressed in the posterior crossvein, and the loss of its function leads to loss of this structure (Conley et al. 2000) . In contrast, both alleles of mastermind (mam), as well as scalloped (sd), spitz (spi), and others show no effect in the posterior region, but do so in the anterior region ( Figure 2B vs. 2D) . Not surprisingly, dpp shows its strongest effect in the central region of the wing, relative to the B and D regions. As discussed in the Introduction, Dpp protein forms a gradient with its highest levels being at the border of the anterior and posterior compartment in the center of the wing. One The amount of variation explained by regression of shape onto treatment effects is shown. The basic model does not include centroid size (CS) as a covariate and shows a large amount of variation explained by both background and sex. However, the sex effect is due in part to the covariate of size and when this is incorporated into the model. This effect is reduced when the residuals of centroid size (after taking sex into account) are used as a covariate, as shown in parentheses in the 16 fourth column. The fifth column reports the variation explained for uniform components of shape (shearing and dilation), demonstrating a minor role for these effects. For the majority of the mutations examined, including centroid size as a covariate in the model has negligible effects on the proportion of variation explained on the basis of Goodall's test on procrustes distance. In addition, the proportion of variation explained by genotype for the uniform components is shown (G uniform components, hatched bars), demonstrating that the shape change of many of the mutations is due to the effects of linear transformations. mutation that is of particular interest is spi, which shows a highly significant effect in the B and C, but not D regions. While spi is expressed throughout the wing, no previous observations were consistent with it having a role in wing development (Simcox 1997; Guichard et al. 1999; Zecca and Struhl 2002) . The ability to discriminate such fine-scale differences makes wing shape a potentially powerful tool for elucidating genetic function.
While the mutations do show region-specific effects, it is worth highlighting the moderate, but significant correlation between the B and D regions on the basis of both procrustes and Mahalonobis distance (Spearman's r ¼ 0.38, P , 0.01). Both the B and the D regions are also highly correlated to the central (C) region of the wing. This suggests that the effects of many mutations spread throughout the wing. This view is supported by examining the strength of the association between the mutations and shape for the whole wing vs. the distinct regions. For the majority of mutations, the observed effect is larger when all landmarks are considered, rather than for specific subsets. All else being equal, increasing the number of landmarks as dependent variables should decrease the statistical support, unless the additional variables are contributing to the treatment effect (Rencher 1993) . This suggests that for many of the mutations, there are subtle effects over many of the landmarks.
In addition to the individual mutations having effects on wing shape, it is clear that the effect of the genetic background used for the introgressions can have profound effects on wing shape. As shown in supplemental Figure 2 (http://www.genetics.org/supplemental/), the major axes of variation represented by principal components analysis are clearly separating genetic background and sex (supplemental Figure  10 2C), while the effects of individual mutations are relatively small (not shown). The effect of sex on shape appears to largely widen the distal region of the wing (supplemental Figure 2A) . The two wild-type strains used for genetic backgrounds in this study, Ore-R and Sam, show complex shape differences predominantly involving displacement of landmarks along the proximal-distal axis (supplemental Figure 2B) . These results are consistent with previous observations that show considerable natural genetic variation for shape.
Visualizing the effects of mutations on shape: To more thoroughly explore the particular effects that mutations have on shape, shape variables were regressed onto genotype for the purposes of visualization (Figure 4 , supplemental Figure 3 at http:/ /www.genetics. org/supplemental/). Some genes such as mam appear to have an effect on landmark displacement throughout most of the wing with the two different mam alleles causing similar changes in shape. By contrast the mutation in cv-2 mostly shifts the position of the posterior crossvein relative to the wild type. The effect of the mutation in patched (ptc) is quite profound, with a widening of the central region of the wing relative to other landmarks, consistent with upregulation of Dpp signaling. However, most mutations have much more subtle effects on landmark displacement compared to the wild type. For instance, many of the mutations show considerable shape variation along the proximal-distal axis of the wing, especially in the more proximal region of the wing, as demonstrated by the relative displacement of the crossveins (Figure 4) . Generally the landmarks for the anterior or posterior crossveins tend to shift in the same direction along the proximal-distal axis. However, some mutations in genes such as CG3957, Gap1, sbb, ed, and osa (Figure 4 and supplemental Figure  3 ) demonstrate that the landmarks of the posterior crossvein can shift independently of one another. These results demonstrate that while mutations generally have very broad effects across the whole wing, there is considerable independence for localized shifts in the position of landmarks.
One possible explanation for the effects observed across the whole wing is that the method of superimposition can result in artifactual landmark displacement. Procrustes superimposition is sensitive to relatively large deviation in position across a small number of landmarks. This can result in the ''Pinocchio'' effect where after superimposition the effects are transferred across all the landmarks and not just the ones showing displacement (Rohlf and Slice 1990; Walker 2000; Zelditch et al. 2004 ). This variance transfer can make it appear as if all landmarks are being displaced, when the biological effect is limited to just a few. However, the landmark displacements in this study are relatively small, and as shown for examples such as cv-2 (Figure 4 ) the Pinocchio effect is arguably negligible since the variation in landmarks is limited to the posterior crossvein. Indeed, superimposition with additional factors such as sex and background did not result in substantially different vectors describing the genotypic components of shape changes. Thus it is likely that the observed effects of the mutations on the shape of the whole wing are the result of biological factors.
One additional method to partition the shape variation is to examine uniform (affine) vs. nonuniform components (Rohlf and Bookstein 2003) . The uniform components describe patterns of variation resulting from global linear transformations of the configuration, as opposed to localized effects (nonuniform). Uniform transformations keep all ''lines'' parallel when comparing the reference and target samples. The two uniform transformations of interest in the analysis of shape can be described as compression/dilation (such as making a square a rectangle) and shearing (transforming a square into a parallelogram). To examine whether the uniform components of shape were contributing to variation for shape, the amount of variation due to the uniform components was computed ( Figure 3, shaded bars) . For a considerable number of the mutations examined, at least half of the variation explained by the mutation was due to uniform components. Regression of uniform components onto genotype was concordant with this result, with both shearing and dilation contributing to varying degrees (not shown). Consistent with the multivariate analyses (Figure 2 ) it appears as if there are often global effects of the mutation on wing shape.
Egfr and TGF-b pathway genes do not separate on the basis of shape: In general it is difficult to qualitatively group the effects of the mutations on shape. Therefore aggregate hierarchical clustering was used to examine which mutations tended to affect shape in similar ways. As expected, the mam alleles cluster together (supplemental Figure 4 at http:/ /www.genetics. org/supplemental/). However, the clustering of the mutations on the basis of shape does not result in a dendogram topology consistent with the prediction that mutations in genes from given genetic pathways having similar effects on shape. Often mutations in the same gene do not cluster together on the basis of shape differences. These results suggest that subtle changes in gene function may result in substantially different effects on shape, and quantitative cross-talk between pathways may be complex. One interesting observation is that the cluster at the far right of the dendogram, from cos to drk, has an excess of mutants that show venation defects as homozygotes (Table 1) . It is unclear if this is suggestive of a relationship between venation defects as homozygotes and shape effects as heterozygotes, but merits further investigation. However, it is clear from the bootstrap estimates that the topology of the dendogram is not particularly robust, with the exception of the terminal nodes. Thus, unlike grouping genes together on the basis of qualitative mutant phenotypes, clustering on the basis of shape variables ought to be used with prudence.
Mutations do not increase the within-line variance for shape: It is often assumed that mutations not only change mean trait expression value, but also increase the phenotypic variance for the trait (Waddington 1942) , as has been observed in a number of experiments involving bristle and sex-comb teeth number (Dworkin Figure 4. -The effects of mutations in the Egfr, Hedgehog, and TGF-b pathways on wing shape. The magnitude of the vectors describing the shape change is multiplied five times to facilitate visual examination of the shape change. For all illustrations, black represent the mean shape of the mutation, while gray represents the mean shape for the wild-type siblings from the relevant crosses. Solid segments represent estimated connections between landmarks sampled in this study. The dashed lines are used to illustrate the remaining wing morphology and are for illustrative purposes only.
2005b,c). The increase in phenotypic variation can be due either to an increase in genetic variation (i.e., cryptic genetic variation) or to an increase in the environmental/residual variation. While there is considerable evidence for cryptic genetic variation, it is unclear if the increase in environmental variance is a general observation or the result of specific perturbations. Introgressing each of these mutations into otherwise isogenic backgrounds allows for a powerful test of the generality of this phenomenon over a large set of mutational perturbations. Since each wild-type line is isogenic, the residual variation is equivalent to the within-line variation. Thus the effects of each individual mutation can be compared to its wild-type congenics from a common environment to test for an increase in within-line variation.
To examine this, two standard multivariate measures of variance were employed, the total variance (the sum of the variances across all landmarks) and the generalized variance, which includes a measure of covariation across variables (Rencher 1998) . Overall, sex has a small effect that appears negligible, at least in the Ore background ( Figure 5A ). Mutants increase total variance between lines, and this increase is observed mostly along the proximal-distal, not the anterior-posterior, axis ( Figure 5A ). This result is a consequence of the different effects that each mutation has on shape relative to the wild type. However, when patterns of within-line variance are examined, there is not a universal increase in variation for each mutation, but large effects of particular mutations on the total variance ( Figure 5C , supplemental Figure 5 at http:// www.genetics.org/supplemental/), with most showing no increase in total variance. The large increase in variance for mutant females in the Ore-R background is due to a few mutations like omb, which can shift landmark positions drastically due to mild delta-like venation defects. In general the picture from the Figure 5 .-No general increase in within-line variation for wing shape due to genotype. Using two measures of multivariate variance, the total variance (A) and a measure of the generalized variance (B), there is evidence for an increase in variation due to the presence of the mutations relative to the wild type. (A) Interestingly, the amount of variation around landmarks is greater in the proximal-distal axis, relative to the anterior-posterior axis. (B) The generalized variance as measured by P log l i for the 14 first six eigenvalues (l i ) shows a similar picture to that of the total variance. (C) The increase in variation is not due to a general increase in within-line variation, as can be seen by examining each mutation separately for males in the Ore-R background. In this instance, only 2 mutations, omb and bs, of the 50 used in this study are observed to increase the within-line variance for shape.
generalized variance is quite similar to that of the total variance ( Figure 5B , supplemental Figure 6 at http:// www.genetics.org/supplemental/), suggesting no major change in patterns of covariation between landmarks with regard to treatment effects. Thus, there is little evidence that an increase of within-line variance is a general observation due to perturbation by mutation for wing shape.
Wing morphogenesis defect, a new gene showing defects in wing morphogenesis: One P element used in this study represented a predicted transmembrane receptor protein serine/threonine kinase, CG3957 with no previously recognized function. The mutation in CG3957 showed a significant effect on shape (Figures 2 and 4) and as a homozygote showed wing morphogenesis defects consistent with improper lamination of the dorsal and ventral wing surfaces (supplemental Figure 7 at http://www.genetics.org/supplemental/), and on the basis of this phenotype we have provisionally named this gene wing morphogenesis defect (wmd). The putative location of the insertion in wmd is at 59E3 on the right arm of chromosome 2, situated close to the start site of the gene (supplemental Figure 7) . However, the location of the wmd allele requires confirmation, and a detailed analysis of the function of this gene is necessary. More details about this mutant and its parent gene are discussed in the legend of supplemental Figure 7 .
DISCUSSION
Wing shape as a model trait for quantitative developmental genetics: While the qualitative pattern of wing venation in the melanogaster subgroup shows little variation, the relative placement and intersection of veins vary considerably (Houle et al. 2003) . Despite the fact that wing shape has been the focus of much recent interest (Weber 1990; Weber et al. 1999 Weber et al. , 2005 Birdsall et al. 2000; Gibson 2000, 2004; Zimmerman et al. 2000; Houle et al. 2003; Dworkin et al. 2005; , quantitative genetic analysis for shape is still in its early stages. In this study, 50 mutations representing .40 candidate genes from the EGFR, Hedgehog, and TGF-b signal transduction pathways were examined as heterozygotes to determine what, if any effect these mutations have on shape. The vast majority of mutations examined show highly significant, although often subtle effects on wing shape when measured as heterozygotes, clearly demonstrating the link between wing development and the attainment of the final proportions of the wing. The mutations show a wide variety of effects on shape and demonstrate the relative sensitivity of shape as a model phenotype for genetic studies, even when measured in the heterozygous state. As one example of the power of this approach, we observed that a mutation in spi caused a shape change relative to its congenics. spi has been shown to be expressed ubiquitously in the imaginal wing disc during the third larval instar (Guichard et al. 1999; Zecca and Struhl 2002) and in the pro-veins of the pupal wing disc, but there has been no evidence for a large defect in the wing due to loss of spi function (Guichard et al. 1999; Zecca and Struhl 2002) . It does appear that spi interacts synergistically with vestigial (vg), as trans-heterozygotes for mutants in both loci cause a severe notching phenotype of the wing, while individual heterozygotes for either mutation qualitatively have wildtype wings (Nagaraj et al. 1999) . As shown here, individuals heterozygous for either spi or the vg proteinbinding partner, sd exhibit subtle loss-of-function phenotypes for wing shape (Figures 2 and 4) .
The benefit of this sensitivity is tempered by the recognition that as with most quantitative traits, effects such as genetic background must be carefully controlled for a high degree of confidence in the results (Norga et al. 2003) . In this study, a few mutations had significant effects in only one of the two genetic backgrounds, and overall the main effect of genetic background was substantial in comparison to the effects of many individual mutations (Figure 2 ). Some work suggests that wing shape shows a relatively low environmental sensitivity relative to wing size. However, in genetic screens for novel mutations affecting quantitative trait variation it is important to control the rearing environment, so that treatment variance is maximized relative to residual effects. Furthermore, it must be considered that shape is inherently multivariate while size is generally measured in a univariate context. If each variable is providing some unique information, then the multivariate approach will be much more powerful for detecting subtle effects. The evidence in this study suggests that for most mutations, each landmark contributes a small but significant effect. Thus, multivariate approaches provide powerful tools for examining genetic effects in this context. Genotypic effects on shape are invariant with respect to size allometry: One general finding of particular interest is that the effects of the P-element mutations on wing shape were not sensitive to scaling effects with size. This was observed both in terms of the magnitude of the genotype-shape association not being altered due to the inclusion of size as a covariate in the model as well as with regard to the amount of variation that genotype explains for shape. This is somewhat surprising given that genotype (mutant vs. wild type) generally explained a small fraction of the variation in shape, varying between 1 and 30% (Figure 3) , as compared to size, sex, and genetic background (Table 3) . Interestingly, the effect of sex on shape was in part a consequence of allometry with size (Table 3 , supplemental Figure 2C at http://www.genetics.org/supplemental/). A previous study that examined the association between a naturally occurring polymorphism in Egfr with wing shape also observed that while allometric effects of size on shape were highly significant, they had minimal impact on the genotypic association . This suggests that there is an invariant genotypic component to shape regardless of size. While size-related traits are highly sensitive to uncontrolled environmental variance, wing shape is relatively robust (Birdsall et al. 2000; Klingenberg and Zaklan 2000; Santos et al. 2005) .
Mutations tend to affect the shape of the whole wing: While it is clear that some of the mutations show regionspecific effects, in general they appear to affect the displacement of landmarks across the whole wing (Figures 2 and 4) . Given the known function of many of these genes during wing development, these results may be difficult to reconcile. For instance, in the late third instar wing imaginal disc brk is expressed in the most anterior and posterior, but not in the central region of the wing imaginal disc (Cook et al. 2004 ). Yet the mutation in brk demonstrates a significant effect on shape in each of the B, C, and D regions (Figure 2 , B-D, Figure 4) . What are the possible biological explanations for these observations? It may perhaps be the result of as yet unknown direct effects of particular genes in those developmental regions. For example, brk could be functioning in the central region of the wing disc at other stages of development. TGF-b signaling plays a crucial role in the patterning of the anterior-posterior axis of the wing imaginal disc and is then reutilized during pupal development with respect to the maintenance of the longitudinal veins and initiation of crossveins (Yu et al. 1996; de Celis 1997; Ralston and Blair 2005; Serpe et al. 2005; Shimmi et al. 2005; Vilmos et al. 2005) . Indeed, recent work has shown that brk is expressed in the intervein regions 24-28 hr after pupal formation, and its overexpression in the pro-vein regions suppresses vein fates (Sotillos and De Celis 2005) . Thus the analysis of wing shape itself may provide new insight into previously unknown pleiotropic functions of some genes.
An alternative explanation for global effects on wing shape is that they result from the indirect developmental effects of the mutations. The majority of the genes that were examined in this study are highly pleiotropic and have demonstrated roles in numerous developmental events. Therefore it is plausible that the effects on wing shape are a consequence of systematic changes in development, which indirectly influence, but are not the result of, changes in wing development sensu strictu. Examples of such effects include changes in hormone production or response. However, it is worth noting that the results of this study are inconsistent with the indirect effects being linked to changes in overall body size, given that genotypic effects on shape are invariant to allometric scaling with size ( Figure 3) . One particular indirect effect worth considering is competitive growth between cell populations (Klingenberg and Nijhout 1998; Nijhout and Emlen 1998) . In this scenario, changes in the patterns of growth in one region of the wing imaginal disc are compensated for in other regions, resulting in global shape changes in the wing. This type of indirect effect could be studied using clonal analysis in Drosophila to distinguish it from possible direct effects.
It was also shown that the uniform components, which describe global, linear patterns of transformation, contribute to the mutational effects of wing shape (Figure 3 ). While this is often the case in the analysis of shape, it is worth considering whether the uniform components of shape can help describe interesting developmental patterns or are simply a mathematical partition of the data. It is plausible that the uniform components may describe the effects of gradients of gene activity across the wing.
Is there concordance between gene function during development and its effect on shape? While it is clear that most of the mutations show statistically significant effects, it is important to address whether the effects are biologically interpretable. Given that there is considerable information about the developmental roles of most of the genes used in this study, this does allow for some straightforward hypotheses to be generated about the presumed effect of the mutation on shape. Indeed, loss of function for ptc increases Dpp expression that can be expected to cause a widening of the central region of the wing (Sanicola et al. 1995) , which is what is observed here (Figure 4 ). Cv-2, an extracellular TGF-b signaling modulator, shows only loss of the posterior crossvein (and the anterior crossvein with low penetrance) (Conley et al. 2000) . The mutation used in the present study recapitulates the loss of crossvein phenotype as a homozygote (Table 1) , and as a heterozygote the effect on wing shape is almost entirely localized to a displacement of the posterior crossvein (Figure 4) . Thus, this does suggest that the effect of some mutations on shape is concordant with their known developmental roles.
Nevertheless, with the majority of the mutations examined in this study, their effects on shape are complex, include most of the landmarks, and often involve shifts in both the anterior-posterior and proximaldistal axes. When it is considered that the genes investigated in this study have been demonstrated to form complex genetic networks with cross-talk between pathways (Crozatier et al. 2002; Yan et al. 2004) as well as having multiple roles involved with patterning, growth, and vein determination, it is not surprising that it is difficult to predict the exact effect that the mutations will have on a complex multivariate phenotype such as shape. Indeed this may be a partial explanation as to why the cluster dendogram is not generally concordant with the genetic pathways (supplemental Figure 4 at http://www.genetics.org/supplemental/). An alternative explanation for these results is that since the effects of these mutations likely range from weak hypomorphs to potential null alleles, the quantitative differences between alleles will result in very different effects on shape. Thus future studies should examine a variety of allelic effects for any given mutation (within a common isogenic background) to help investigate these possibilities.
The effects of mutation on levels of within-line variation: It is commonly observed that many mutations change not only the mean value of a trait, but also its level of variation (Waddington 1957; Dworkin 2005a) . For example, introgression of the bristle mutation Sternopleural increased levels of genetic, environmental, and within-individual variation (Dworkin 2005c) . While this increase in overall levels of within-line variation is considered to be a general phenomenon (Waddington 1942 ), it has not been explicitly tested. The design of the current study allows for a test of this assumption across a large number of mutant genotypes. While there was evidence of an increase in the levels of the total variance of the mutant genotypes relative to their wild-type congenics, it was not the result of an effect of each mutation, but the result of large increases in variation for a small number of mutations ( Figure 5C , supplemental Figure 3 at http://www.genetics.org/ supplemental/). It is unclear why there is a difference between the expected increase in variance generally and the observations here. It is unlikely that it is an artifact of the superimposition process, given that variance transfer across landmarks results in the same absolute levels for the total variance. Is this inconsistency the result of the complex biology of shape? In a series of studies on morphological integration in mutant vs. wild-type mice, similarly mixed results were observed, with increase in variance being observed for some, but not all mutations (Hallgrimsson et al. 2004 (Hallgrimsson et al. , 2005 ). An additional explanation is that the mutations were examined in the heterozygous state in the current study and thus represent relatively ''small'' perturbations, unlike those used in other studies that had more profound phenotypic consequences (Dworkin 2005c) . With respect to models of canalization, those mutations examined in the current study would be considered within the ''zone'' where canalization is operating and thus are relatively well buffered. Work examining the effects of mutations in the Hsp83 gene on bristle traits has observed changes in trait means without altering variances (Milton et al. 2003 (Milton et al. , 2005 . However, it is clear that this question requires further examination using rigorous approaches and sufficient controls to minimize uncontrolled variance (Dworkin 2005a) .
The developmental genetics of wing shape: While there is a vast literature with respect to the development of the wing (Held 2002), only recently have the final proportions of the wing become a topic of research interest. The results from this study clearly demonstrate a role for those genes involved with wing development in shape itself. However, it is clear that the potential number of genes that affect shape may be quite large and reflects a diverse array of developmental and physiological processes that may not have been as well studied (Weber et al. 2005) . For instance, it appears that orientation of cell divisions during wing disc development may play a role in the final proportions of the adult wing and that genes regulating planar polarity are associated with changes in both the orientation of cell divisions and wing shape (Baena-Lopez et al. 2005) . In addition, the insulin signaling pathway appears to play a substantial role in regulating growth and modulating nutritional cues and may be an excellent candidate pathway for its effects on shape. Thus the combination of quantitative approaches to examining shape with mutational and developmental analysis will provide excellent tools for the future dissection of the genetics of wing shape as a model trait.
